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Titanium dioxide nanotubes (TiO2-NTs) is such an attractive material because of 
photocatalysis, semiconductivity, biocompatibility, self-organization, and extremely large 
surface area. This thesis introduces several structural characteristics of TiO2-NTs 
synthesized by the electrochemical method. Although the research of biosensing platform 
using TiO2-NTs is not studied well, two types of biosensing platform systems will be 
discussed. At first, Tuberculosis (TB) detectable volatile biomarkers sensing platform 
using exhaled breath is studied. TB is easily cured at initial stage, thus the early diagnosis 
is a key point of fighting against TB. Breath analysis method is easier, faster, and cheaper 
while recent diagnosis methods require complicated conditions. Cobalt is functionalized 
on the nanotubes surface to detect the biomarker molecules in breath. The other 
application is the glutathione molecule detectable sensing platform. Glutathione protein is 
the scavenger of reactive oxygen species (ROS) which causes several diseases. The ratio 
of concentration of oxidized form and reduced form of glutathione molecules is served as 
a sign of the oxidative stress in body. Copper is loaded on the TiO2-NTs in order to hold 
glutathione molecules in liquid. From these experiments, the metal functionalized TiO2-
NTs sensing platforms successfully detect their target biomarkers at vapor based and 
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1.1  Introduction 
Nanotube became one of the most studied nanomaterials after Iijima reported on 
the carbon nanotube in 1991.
1
 Fullerene and graphene are other types of carbon 
nanomaterials that have special characteristics of: strength, flexibility, conductivity, 
elasticity, and so on. The discovery of these nanomaterials inspired the research of 
nanotechnology. Nowadays, this nanotechnology stimulates the development of related 
academic fields, biology, chemistry, physics, and other engineering fields to harmonize 
and synchronize together in order to produce improved new research areas. 
These carbon-based nanomolecules (nanorods, nanowires, and nanotubes) have 
the ability of high efficient electron transport and excitation. While the carbon nanotube 
is studied for various purposes, it has been triggered to look for other materials, for other 
nanostructures having similar properties as carbon nanotubes. Therefore, other materials 
(silica, cobalt, copper, alumina, titania, etc.) have been found and studied as noncarbon 
nanomaterials. 




electrical properties, and biological nontoxicity. Also, it can be used as basic building 
blocks for nanotechnology such as biosensors, chemical sensors, gas sensors, solar cell, 
and drug delivery.
2
 Thus, titanium dioxide (TiO2) is an attractive noncarbon 
nanostructure among many transition metal oxides.  
The research of TiO2 has been accelerated after the findings of Fujishima and 
Honda. TiO2 shows interesting properties of excellent biocompatibility, semiconductivity 
with 3.2 eV of wide band gap, electrical resistance, high chemical stability, and high 
electron drift mobility.
3
 In addition, it has the special characteristics of self-cleaning, 
super-hydrophilicity, self-sterilization, self-deodorizaion, hydrogen generation, low 
temperature sensitivity, and easiness of manipulation. 
TiO2 nanotubes structure (TiO2-NTs) became one of the biggest research fields 
because of its numerous potential applications. There are several methods of titanium 





solvothermal process in organic solvent,
6, 7





 and direct heating method.
10
 These TiO2 nanomaterials are applied to scientific 
research, industries, cosmetics, biomedicines, and sensors. Especially, the applications 
related with biotechnology have the benefit of biocompatibility. For example, TiO2 is 




 The synthesis of TiO2-NTs using 
electrochemical method will be introduced in Chapter 2. Nanograss and nanolace will be 
discussed together. 
Glucose sensor is one of the famous biosensors. This sensor detects the amount 




quickly. This kind of sensor is easily operated by non-expert people at home whenever 
they want to test themselves and is called point-of-care (POC) kit. 
The importance of biosensors has increased and diverse types of POC diagnosis 
kits are invented and produced for the general population and also specialized workers in 
limited and critical situations. For example, airplane pilots or astronauts work in limited 
circumstances, and the change of their vital signs are directly related to their life safety. 
In these cases, the real-time indication of their health status is highly important and 
required. Thus, specific biosensors for individuals in high risk environments can prevent 
unexpected and unwanted accidents. 
Biosensors can detect specific target molecules from humans or animals. The 




 or specific chemicals like 
glucose. The target molecules usually indicate any signal of diseases. Disease is the other 
name of the uncontrolled situation of biomechanism caused by infection, contamination, 
malfunction of cell cycle, loss of immune system, and other unexpected causes. When 
people get disease, specific enzymes are usually over produced against the diseases in 
order to control the situation. Therefore, the changed quantity of specific enzymes 
(proteins) becomes the signal of diseases. These enzymes flow to the destination organs 
through blood and limp fluid. So, these biomarker samples can be obtained from urine, 
saliva, and blood. Also, DNA and RNA are the precursors of proteins and they are also 
kinds of biomarkers even though their detection is difficult. 
Pathogen infection is one of the causes of diseases, take for example, cholera, 
Tuberculosis, septicemia, typhoid fever, Lyme disease, diphtheria, and pertussis. These 




also analyzed by detection of specific molecules released from pathogens. Tuberculosis 
(TB) occurs by the pathogen named Mycobacteria tuberculosis. Pathogens have their 
own molecule-exchange systems through membrane to environment. Thus, the unique 
molecules released from TB pathogen are the biomarkers of TB disease. TB pathogen 
usually infects the lung at first. In the lung, therefore, specific volatile organic molecules 
are released from M. tuberculosis pathogens and mixed with the breath of patients. The 
volatile molecules are called volatile organic compounds (VOCs), or volatile biomarkers. 
The exhaled breath (gas) is the sample containing biomarkers, in this case. This is a good 
example of easy sampling, instead of drawing blood. This kind of breath analysis is not 
studied well so far since it is quite new. Chapter 3 will discuss the development of the TB 
pathogen detection system using volatile biomarkers TiO2-NTs. 
The human body and most all living things want to keep their metabolism in 
stable status, in other words, safe status. This characteristic of living things is generally 
called homeostasis. When some molecules are overproduced by disease and it breaks the 
homeostasis, special mechanisms begin to return it to stable. Oxidative stress is one of the 
reasons for the breakdown of homeostasis. The oxidative stress is caused by, among 
many factors, severe muscular exercise without rest, chemicals from smoke, side effects 
from diabetes, contaminations, hypoxia, and ingestion of burnt foods. These factors 
trigger the overproduction of the reactive oxygen species (ROS) which is originally a 
necessary molecule for stable metabolism in the body. The excess amount of ROS also 
causes other diseases to occur. Glutathione is an organic molecule and it can remove the 
excess ROS. Glutathione is not a volatile molecule but it is dissolved in fluid such as 




oxidative stress. The study for detection of glutathione molecule using TiO2-NTs is 

















2.1  Mechanism of tube growth 
There are mainly three types of TiO2 in nature: anatase, rutile, and brookite. It 
also has been reported that five more types of TiO2 are synthesized from specific 
conditions such as temperature and pressure: TiO2-B, TiO2-R, TiO2-H, TiO2-II, and TiO2-
III.
18, 19
 Anatase and rutile are the most common phases even though the stability of 
anatase is arguable.
19-21
 The various methods of TiO2 nanotubes (TiO2-NTs) synthesis are 
manufactured such as electrochemical anodization method, sol-gel method, and high 
temperature solvothermal synthesis method.
22
  
Among them, the fluoride containing ethylene glycol (EG) electrolyte 
anodization method is applied for this thesis research because of its convenience. TiO2-
NTs anodization is affected by many experimental conditions such as temperature, 
applied voltage, anodization time, water concentration in electrolyte, and mechanical 
shearing. TiO2-NTs anodization using EG and sodium fluoride show high strength, 
regularity, and homogeneity of TiO2-NTs.
23, 24
 




cathode electrode and titanium foil as anode electrode (Figure 2-1). The solution is 
continuously stirred with 90 rpm using a magnetic bar. Cathode and anode electrodes are 
dipped in electrolyte connected to a power supply. Platinum is commonly used as the 
cathode because of its superior conductivity. 
Self-organized TiO2-NTs arrays are generated through several steps of 
anodization process.
19
 The initial step of titanium dioxide anodization process without 
fluoride reaction begins like below: 
 
 












Ti + 2H2O  TiO2 + 4H+ 4e
-






 + 4H2O  Ti(OH)4 + 4H
+








The next step is pit formation on the titanium dioxide layer. Fluoride (F
-
) in 
electrolyte binds to Ti
4+
 from Ti metal to make a soluble [TiF6]
2-
 species from the pits. 
These dimple structures on the TiO2 layer are expanded over all the Ti metal surface and 












































The fluorides form water soluble [TiF6]
2-
 species during anodization, and the 
amount of [TiF6]
2-
 is decided by the rate of nanotube synthesis.
25
 After the initiation 
phase, the tubes elongate until the etching action at the tube top area by fluoride has 
occurred.
26
 The main functions of fluorides are: 1) maintaining a thinner bottom oxide 




 Also, the fluoride 
competes with O
2-
 migration to the bottom of TiO2. Since the rate of migration of fluoride 
is faster than O
2-
, a fluoride-rich layer is made at the TiO2 interface.
28
 
Figure 2-2 shows the steps of nanotube generation. A) Ti
4+
 ions are solvated in 
the electrolyte and it is continuously dissolved, corroded, or electropolished. B) A 
compact oxide (TiO2) layer is generated on the metal surface. C), D) The porous TiO2 is 
growing under specific electrolyte conditions. The shape of porous TiO2 is changed by 
modified electrolyte conditions. E) The metal oxide porous expands its length and 
thickness using Ti
4+
 dissolved from the oxide layer.
19
 
Figure 2-3 shows a simple concept of the structure of TiO2-NT. The inner oxide 
shell grows as a V-shape because of the continuous fluoride etching. The outer oxide 
layer (OST) is relatively dense and thick with pure TiO2, and the inner oxide layer (IST) 











Figure 2-2. Conceptual image of titanium dioxide nanotubes growing. (A) Pure Ti foil, (B) 

























Figure 2-3. The conceptual image of a TiO2-NT anodized in organic electrolyte. IST: 










2.2  Anodization of TiO2-NTs 
In this thesis research, most of anodization is done using 30 volts DC for 1h with 
cathode and anode connections (Figure 2-1). Electrolyte is composed of 0.5 w/v% of 
sodium fluoride in 3 wt% water and filled up with EG. Electrolyte is mixed for 3 h on a 
stirring plate and an additional 2 h in ultrasonic bath. Ti foil is cut as 10 mm × 10 mm 
and polished using sand paper. Then samples are rinsed with 1:1 mixture of isopropanol 
and acetone solution by ultrasonication for 10 minutes. After anodization, samples are 
rinsed by ultrasonication in DI water for 3-5 seconds to remove all EG and then dried up 
in 110° C chamber for at least 1 day. Overall set up is shown in Figure 2-4. 
 
2.3  Annealing of TiO2-NTs 
The as-anodized sample has an amorphous structure. Therefore annealing under 
O2-rich circumstance is required for anatase crystallization.
19, 23, 29
 The annealing process 
is done using a gas tube furnace at 500° C for 2 h with 1.5° C/m as ramp rate. Gas 
directly flows from an oxygen gas tank into a tube furnace and is then exhaled into the 
fume hood (Figure 2-5). 
 
2.4  SEM analysis of TiO2-NTs structure 
The scanning electron microscope (SEM) images of TiO2-NTs are shown in 
Figure 2-6. The surface of the nanotube sample is scratched to break the nanotube 
structure and to be able to observe inside the nanotubes. In Figure 2-6, A is the top view 
with different levels of depth of nanotubes shown in (1), (2) and (3). The double wall 

















Figure 2-4. Overall setup of anodization system of I/O measurement system computer 
































Figure 2-6. The scanning electron microscope (SEM) images of TiO2-NTs. (A), (1): 
lower part, (2): middle part, (3): upper part of nanotubes. (B), double layer of nanotubes 













B). The well-organized fluoride rich layer (FRL) at the bottom of the tube is also shown 
in Figure 2-6, C. 
 
2.5  Variable structures of TiO2-NTs growth by conditions 
The solution-based anodization method is greatly affected by conditions such as 
time, temperature, water concentration in electrolyte, and applied potential.
11, 16
 The 
relationship between the shape of a nanotube and anodization conditions are observed 
and organized in Figure 2-7. The length of TiO2-NTs is decided by the potential for 
anodization and the concentration of ethylene glycol electrolyte. Two variables of 
anodization are tested: applied voltage (30 V, 40 V, and 50 V) and EG concentration (90 
wt%, 95 wt%, and 97 wt%). Lower EG concentration and higher potential make for 
larger diameter nanotubes. The averaged diameter at each condition is shown in Table 2-
1. 
The distribution of length of nanotube is observed at the same condition. Figure 
2-8 shows a well-distributed pattern of the length of nanotubes that higher EG 
concentration and higher voltage make. The average length of each condition is shown in 
Table 2-2. The distribution of nanotube growth is tested using 1, 1.5, 2, 2.5, and 3 h 
anodization with constant 30 volts. The length is increased by time (Figure 2-9). 
In addition, Figure 2-10 is the SEM image under 350,000 magnification with 7 
kV of beam energy, which is good for surface observation. The thickness of wall is 











Table 2-1. The average diameter at each anodization condition. 
 
Diameters of nanotubes (nm) 
Volts 
EG (%) 
30 40 50 
90 65.00 70.00 100.26 
95 55.67 76.01 80.00 




































































Table 2-2. The average length at each anodization condition. 
 
 
Lengths of nanotubes (um) 
Volts 
EG (%) 
30 40 50 
90 1.43 1.83 1.86 
95 1.67 2.61 2.65 







































































Figure 2-9. The pattern of nanotubes length depending on anodization time under 30 volts 



















































Figure 2-10. The thickness of wall (~4 nm) of individual nanotubes. 
  





2.6  Corrosion of TiO2-NTs by reused electrolyte 
The anodization of TiO2-NTs is composed via oxide layer formation step, pit 
formation step, and nanotube growth step. The current of each step during anodization is 
measured and plotted. Figure 2-11 shows the conceptual plot of current change during 
anodization of TiO2-NTs. The current dramatically drops at the oxide layer formation in 
the initial step. Then a small hill appears on the plot when pit formation is beginning. 
Finally, a stabilized plot is shown for nanotube growth until the end of the reaction. 
The anodization of TiO2-NTs in used electrolyte shows a different pattern of 
current plot. This is thought to be a change in the electrolyte component. Therefore, one 
series of test is designed to discover what changed in the electrolyte component during 
repeated anodization. Basically, the 1000 ml of bulk electrolyte is composed with 0.5 g of 
sodium fluoride (NaF) dissolved in 30 ml water (H2O) and 970 ml of ethylene glycol 
(C2H6O2). A brand new 100 ml EG electrolyte is repeatedly used for 1 h anodization 13 
times. All Ti foils for these tests are brand new samples (5 mm × 10 mm). Potential is 





 experiments are not shown here because they are normal. From the 5
th
 sample (5 h 
reused), some corrosion is observed at the edge of the nanotube sample (Figure 2-12) and 
later samples have more corrosion. 







 TiO2-NTs samples. The pit formation hill appeared at the plot of 
the 1
st




 do not have the pit formation peak. The plot for 
the 13
th
 sample especially has severe noise current for overall anodization with slower 


















Figure 2-11. The current measurement of TiO2-NTs sample during anodization under 
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Figure 2-12. The optical images and SEM images from brand new TiO2-NTs samples 
























Figure 2-13. The current changes of the TiO2-NTs anodization using brand new Ti foil 






















1st (Fresh electrolyte) 
5th (5 hours reused electrolyte) 
13th (13 hours reused electrolyte) 






sample are around 20 nm and 300-400 μm that is smaller than normal nanotube (Table 2-
1). 
The wt% of fluoride is decreased and pH is increased, although the wt% of 
carbon, titanium, and oxygen are constant (Figure 2-14 and 2-15). From these results, the 
corrosion of TiO2-NTs is related with fluoride depleted by time. Still, it requires more 
research to clearly reveal the relationship of corrosion and pH, temperature, and other 
factors.  
 
2.7  TiO2-NTs nanograss 
Nanograss is an unexpected structure on nanotubes that does have some 
beneficial applications.
30-33
 The reasons for nanograss generation are thought to be the 
amount of water content, pH, temperature during anodization, and corrosive molecules 
such as fluoride. Nanograss covers the top surface of a nanotube layer, interrupts fluid 
flow to the inside of nanotubes, and disturbs the diffusion of small size molecules such as 
nano-level metal particles, small proteins, or large amino acids. Thus, nanograss free 
TiO2-NTs anodization is required to prevent unexpected failure of nanotube’s properties. 
But, many cases of TiO2-NTs show nanograss. Therefore, it is necessary to know how to 
improve anodization conditions and eliminate nanograss. 
 
2.7.1 Temperature effect 
As discussed in section 2.6, the temperature of electrolyte was increased during 
1 h anodization even though it was not measured. Thus, a simple test was performed 










Figure 2-14. The plots of wt% of fluoride and carbon from TiO2-NTs samples by EDX 




































Figure 2-15. The plots of wt% of titanium and oxygen from TiO2-NTs samples by EDX 





























the same Ti foil was anodized at 30 volts for 1h with 90 rpm stirring. The SEM image 
shows small and fine white lines anodized in cold EG and shows longer and thicker white 
lines from warm EG at the same magnification (Figure 2-16).  
More detail experiments were performed at 65°, 40°, 25°, and 1° C to compare 
the morphology of nanograss (Figure 2-17). As results, more nanograss was generated at 
higher temperature. Therefore, the nanotube growth was directly affected by temperature. 
It also implied that the chemical reactions for nanotube growth such as [TiF6]
2-
 generation 
or pit formation are faster at higher temperature. Thus, the etching process might be faster 
at higher temperature. 
In addition, the anodization times are calculated for each temperature for 2 μm. 
For example, growth rate at 1° C is 0.179 μm/h and it requires 11 h anodization for 2 μm 
length. Interestingly, the nanotubes anodized at lower temperature has the unexpected 
characteristic being of easily broken. The rate of nanotube growth is shown in Figure 2-




2.7.2 Nanograss morphology 
Nanograss has quite a long length compared to its nanotube length. For example, 
one nanograss length is over 1 μm at 30 volts, and 1h of TiO2-NTs anodization (Figure 2-
19, left); and the average length of a nanotube is ~1.7 μm (Figure 2-9). The ratio of total 
length of one nanotube and its nanograss is almost 1:1, and this is arguable because the 
nanograss is considered the remnant of etching the nanotube. In here, however, it is 
suggested that the nanograss generation is not the etching of existing nanotube walls, but 













Figure 2-16. The comparison of TiO2-NTs samples anodized in (A) cold EG electrolyte 
and (B) warm EG electrolyte. 
  
60 μm 60 μm 
(B)   Warm EG (A)    Cold EG 






Figure 2-17. Nanograss morphology from anodization at different temperature conditions 


























y = 0.1042x - 0.1853 






























Figure 2-19. Nanograss morphology from (A) top view and (B) lateral view (anodized in 




Uniform width of nanograss 






Individual nanograss from one nanotube was gathered to make a bundle-shape 
terminal region of nanograss. The terminal part is shown as a white line at lower 
magnification (Figure 2-16 and 2-17) because of its relatively higher density. The lateral 
view shows that the white line has the regularity of big linearized white lines (Figure 2-19, 
right). 
A single nanograss can be observed in Figure 2-20. The SEM image measured 




A thin layer is observed on the nanotube surface and is called nanolace (Figure 
2-21).
34
 This nanolace is considered the initial titanium oxide layer of nanotube growth 
steps (Figure 2-2) even though this structure has not been studied well so far. This 
nanostructure has potential for large anatase networks. Moreover, nanograss is observed 
under the nanolace, thus it is supported that nanolace is the top layer of the titanium oxide 
layer. More nanolace is observed from anodization using hydrofluoric acid polished Ti 
foil (0.5 % HF for 5 seconds). The reason why HF treated TiO2-NTs has more nanolace 
structure is because of the surface condition at the beginning of anodization. Generally Ti 
foil is polished using sandpaper. Even though the polishing process heads in one direction, 
there is a lot of valley-shaped scratches. The nanolace structure generated on this tough 
TiO2-NTs surface might be easily peeled off by small and weak physical shock during the 
washing process. HF treatment, however, does not rough up the surface of Ti foil. 








Figure 2-20. High magnification of SEM image of nanograss (A) (upper) and zoom-in 













Figure 2-21. The SEM image of nanolace at lower magnification (A) (upper) and higher 








2.8  Conclusion 
TiO2-NTs anodization by electrochemical method shows nicely self-organized 
nanotube structures. The nanotube morphologies of diameters and lengths are regularly 
changed by EG concentration and applied voltage. However, the reused electrolyte is 
corrossive and damages Ti foil and nanotube layers. Moreover, the diameter and length of 
TiO2-NTs are smaller and shorter, less than half the size when anodized in the 13 h 
reused electrolyte. From the 1
st
 to the 4
th
 anodization does not show any corrossive 
damage on the TiO2-NTs surface. A quick calculation of this phenomena supports that 
100 ml of electrolyte is good for 2 h use with 0.5 cm × 1 cm size of Ti foil. Although the 
details of the corrossive mechanism requires additional study, it has been confirmed that 
fluoride content in TiO2-NTs is decreased and pH is increased with the later anodization.  
Still, the nanograss is thought to be the remnant structure of etching the 
nanotubes. However, the length of nanograss is similar among nanotubes, and this 
suggests an unknown mechanism of nanograss growth. Moreover, individual nanograsses 
are not etched much but show smooth and uniform shape in SEM images; this extended 
length contributes to increase the whole surface area of TiO2-NTs. In addition, it has been 
confirmed that the growth of nanograss can be controlled by temperature: high 
temperature for longer nanograss.  
Nanolace is a rarely studied structure. At the beginning of anodization, the initial 
layer of oxide is separated and remains during the anodization process. This kind of net 













DEVELOPMENT OF TUBERCULOSIS DETECTABLE TITANIUM  
 




3.1  Introduction 
Volatile organic compounds (VOCs) are compounds that easily vaporize at 
ambient temperature. VOCs come from a variety of sources including industrial 
processing, environmental pollution (i.e., automobiles and factories), house hold 
chemicals, and most recently research has focused on VOCs derived from diseases that 
affect the human body.
35, 36
 Disease-specific VOCs can be considered biomarkers for 
diagnostics and have the potential to be utilized in noninvasive rapid testing and point of 









 and tuberculosis (TB). TB is of particular 
interest as no highly sensitive and specific POC test is available for low resource settings. 
TB is a contagious disease that mainly occurrs in the respiratory tract such as the 
lung. Tuberculosis is caused by infection of Mycobacterium tuberculosis bacteria. The 
route of contagion of Tuberculosis is transfer of the pathogen by touch, sneezing, and 
cough instead of airborne and waterborne infection.  




negative bacteria that has a waxy coat on the outside surface. The scientific classification 
of M. tuberculosis is shown in Table 3-1. The proliferation rate is slower than other 
bacteria species. Tuberculosis slowly divides every 15-20 h compared with Escherichia 
coli, for example, which divides every 30 minutes, and this slow cell division is a main 
obstacle to cell-culture a TB diagnosis method. 
TB causes 1.1 million deaths out of 8.8 million incidents from HIV free patients 
and an additional 0.35 million deaths from HIV-associated cases.
49
 About 13 million 
(4.2 %) people in the United States are infected by TB, and most TB incidence occurs in 
Africa and Asia (Figure 3-1). HIV is an important factor in the lethality of TB disease 
because these two diseases synergetically work together. Actually, a main cause of death 
of HIV patients is thought to be TB infection. Two types of TB infections are reported: 
latent TB infection (LTBI) and active TB infection (ATBI). LTBI patients usually do not 
have any symptoms or pain and they cannot spread TB to other people. LTBI patients’ 
risk of lethality is increased, however, when they are infected with HIV. Thus, newly 
diagnosed HIV patients should have a TB test to reduce the risk of additional illness by 
TB infection. In other words, active TB infected patients show various symptoms, for 
example continual coughing with blood in extreme cases, fever, sweats at night, weight 
loss, fatigue, and chills.  
Even though the TB incident rate has decreased in the last 2 decades,
49
 TB still 
widely threatens South Asia and Africa countries. Usually TB infects the lung first and 
then spreads out to organs such as kidney, brain, lung, and spine. About 10 % of TB 
carriers present symptoms of active TB infection.
50
 About 90 % of LTBI patients cannot 








































Figure 3-1. A map estimating Tuberculosis incidence in 2011. Africa and the south 








by antibacterial treatments, otherwise it will be lethal to patients in later stages. Thus, the 
diagnosis before progression of the disease is important. 
Recent research has shown that various strains of the mycobacteria produce 
distinct gaseous volatile biomarkers that can be used as a methodology for detecting and 
identifying mycobacterium.
51-53
 Specifically, Syhre and Chambers found that M. 
tuberculosis and M. bovis cultures give off four specific volatile biomarkers (methyl 
phenylacetate, methyl p-anisate, methyl nicotinate, and o-phenylanisole).
54
 These 
compounds were detectable before the visual appearance of colonies in vitro, which could 
have implications in detection of latent TB infection.
55
 Syhre et al. in a follow up 
publication were able to detect statistically significant differences of methyl nicotinate in 
the breath of smear positive TB patients when compared to healthy (smear negative) 
subjects.
53
 Figure 3-2 shows the concept of how volatile biomarkers release between 
healthy humans and TB patients. Analyses in these studies were done using gas 
chromatography/mass spectroscopy analysis tools. While they are effective in identifying 
and quantifying complex gas samples, they are expensive, bulky, and not appropriate 
POC diagnostics. Other researchers have reported that TB detection using volatile 
biomarkers are found in nature. Interestingly, honeybees can distinguish specific volatile 
biomarkers released from TB
56




Conventional methods for TB detection are traditionally performed in 
laboratories or hospitals.
26
 Table 3-2 shows many different methods of TB diagnosis. For 
example, the most common method for diagnosis of TB is the acid fast staining of 











    
  





    
  














Name of methods 
Antibody 
detection 
ABP Diagnostics Focus Sure Check TB 
Advanced Diagnostics Tuberculosis Rapid Test 
American Bionostica Rapid Test for TB 
Ameritek dBest One Step TB Test 
BioMedical Products Corp TB Rapid Screen Test 
Chembio TB Stat-Pak II 
CTK Biotech TB Antibody onsite Rapid Screening Test Kit 
Hema Diagnostic Rapid 1-2-3 TB Test 
Millenium Biotechnology Immuno-Sure TB Plus 
Minerva Biotech V Scan 
Mossman Associates MycoDot 
Pacific Biotech Bioline TB 
Premier Medical Corporation First Response Rapid TB 
Princeton BioMeditech BioSign M.tuberculosis 
Silanes TB-Instantest 
Span Diagnostics TB Spot ver. 2.0 
Standard Diagnostics SD Rapid TB 
UniMED International Inc. FirstSign MTB Card Test 
Veda Lab TB Rapid Test 
Rapid Biosensor System (RBS) 
Antigen 
detection 
LAM urine test 
Antigen-based detection test 




Amplified Mycobacterium Tuberculosis Direct Test 
AMPLICO® MTB Tests 
BD ProbeTec ET® assay 
In-house PCR 
Real-time PCR 










Table 3-2. Continued. 
 
Culture based Name of methods 
General 
BACTEC460-TB® 






Solid culture indicator 
Phase-based 
FASTPlaque TB-RIFTM 
Luciperase reporter phase 
Noncommercial 
MODS 
Nitrate reductase assay 
Thin layer agar 
“Resa” colorimetric method 







disadvantage with the sputum smear test is its poor sensitivity, which is estimated to be 
at 70 %.
59
 Additionally, the sensitivity of sputum smear spectroscopy in field settings 
has been shown to be much lower (35 %), especially in populations that have high rates 
of TB and HIV coinfection.
60
 Furthermore, drug susceptibility analysis of the 
mycobacterium cannot be determined from microscopy testing. This assessment is 
critical in determining the appropriate course of treatment for the patient. For this type of 
analysis culturing techniques are typically used.  
Culturing of mycobacterium from sputum samples is a more sensitive technique. 
Sputum samples are collected and cultured in either solid media or liquid media looking 
for the presence of the mycobacterium. Drug resistance strains can be determined using 
this technique. However, this methodology takes time to conduct (3-4 weeks for solid 
cultures, and 10-14 days for liquid cultures), which makes it difficult to employ in low 
resource settings that are typically far from testing facilities.
61, 62
 Recently, other 
technologies have been developed including fluorescence microscopy for smear tests (10 % 
more sensitive than light microscopy), LED fluorescent microscopy for inexpensive 
imaging equipment that can be used in the field without the need for a darkroom, rapid 
culturing techniques to reduce incubation time,
63
 polymerase chain reaction (PCR),
62
 and 
immunoassays. PCR techniques need sophisticated equipment and trained personnel. 
Immunoassays often have the same requirement and often do not have the selectivity and 
specificity needed for diagnosis as they can respond to families of biomarkers that are 
related to TB specific biomarkers. Despite all the improvements that have been made in 
TB diagnosis, no simple inexpensive POC test is available. The techniques mentioned 




case, these methods require lab facilities and highly trained personnel that typically are 
not available in many rural or low resource areas. 
Other researchers have begun looking into noninvasive analysis from breath. 
One example is by Draper Laboratories. This device is a differential mobility 
spectrometer (DMS) that analyzes volatile biomarkers present in gas. While this 
technology is highly sensitive, the cost of a DMS is higher when compared to other POC 
techniques which make it difficult for use in resource limited settings. Rapid Biosensor 
Systems has created a breathalyzer device for TB diagnosis in the field, however, this 
device is more complex to operate and requires antibodies and fluorescent analogues to 
interact with TB antigens, which have a shelf life and specific storage conditions.
58
 The 
technology developed at Menssana Research, Inc. also collects volatile biomarkers from 
breath. While the technology is useful and has great potential, it uses portable 
chromatograph technology (higher cost) which is more suitable for a central lab location 
rather than a low resource setting POC device. 
Titanium is a semiconductive metal and it has high durability and good 
biocompatibility, so it is widely used for bone implantation materials.
19, 29
 The nanotubes 
structure of titanium metal, or titanium dioxide nanotubes (TiO2-NTs), shows extremely 
enlarged surface area. It has a self-organized tube structure that looks like a well-packed 
bundle of tubes. This morphological shape is related to the amount and ratio of electron 
transfer per unit area of metal. Moreover, the TiO2-NTs fabrication method is also easier 
and convenient than other nanotube fabrication methods. Thus, TiO2-NTs are considered 
a good material for sensing mechanism research. 




additional metal functionalization on the TiO2-NTs surface for selectively holding the 
biomarkers. Fortunately, cobalt is known as a binding material of nicotinate with organic-
inorganic binding material.
64-66
 In this research, this binding property is applied to 
selectively choose the nicotinate molecules contained in human breath from TB patients. 
Finally, the cobalt-nicotinate coupling mechanism leads to current change on the sensing 
platform of cobalt functionalized titanium dioxide nanotubes (Co-TiO2-NTs). 
The Co-TiO2-NTs sensing platform presented here introduces a new 
methodology for detection of volatile biomarkers and operates on a fundamentally 
different mechanism than those mentioned above. The sensing platform is antibody free 
and label free, utilizing inorganic metal ions that bind specifically to volatile biomarkers 
of interest. The metals also have a long shelf life and typically are not subject to the strict 
storage conditions associated with antibodies. In addition, the sensing operation utilizes a 
simple potentiostat that can be built inexpensively and deployed in resource limited 
settings. The readout for the sensor is a simple current measurement that is used to 
indicate the presence of the volatile biomarker. The device is inherently designed to be 
simple to use in a low resource setting environment without the need for sophisticated lab 
equipment or training to operate. 
In this study, I tested and measured the current change by electrical reaction 
between Co-TiO2-NTs and two biomarkers (methyl nicotinate and methyl p-anisate). 
Significant results were obtained from a series of tests. These results indicate that volatile 
biomarkers detection is a promising technique as a new TB detection method, and could 




3.2  Materials and methods 
3.2.1 Anodization of TiO2-NTs 
TiO2 fabrication was performed through electrolyte anodization method. The 
electrolyte was composed of 97 % of ethyleneglycol (Reagent grade, Aqua Solution, 
USA), 0.5 wt% of ammonium fluoride (98 %, Sigma Aldrich, USA), and 3 % of DI water 
(18.2 MΩ quality, Siemens, Germany) in this study. Titanium foil (ESPI metal, USA) 
was cut as regular size (10 mm × 15 mm × 0.2 mm) and polished using 150-grit and 
1,500-grit sand papers continuously. The sample was rinsed with flowed DI water for 
couple of seconds to remove dust. Then it was soaked in 1:1 mixture of acetone and 
isopropyl alcohol (VWR, USA) for 10 minutes in ultrasonic bath (Branson, USA) to 
remove organic contamination on the surface. After the alcohol compounds were 
removed, 2-3 mm of the top part of the foil was cut about half length of width, and fold 
perpendicularly to height. This folded tip was used as a connection part to a copper 
alligator clip. Titanium was connected with anode and platinum was connected with 
cathode, and the distance between the two metals was around 2-3 cm. Nanotubes were 
anodized under 30 volts (E3647A, Agilent, USA) for 1 h with stirring at 70 rpm using a 1 
inch magnetic bar. After anodization, samples were rinsed in 50 ml of DI water 
containing beaker for 5 seconds in ultrasonication bath, and annealed in pure oxygen gas 
for 2 h at 500° C with 0.5° C/m ramp rate. 
 
3.2.2 Cobalt functionalization 
To decorate cobalt ions on nanotube surface, the TiO2-NTs samples were 




first. The warm samples were soaked in 0.5 wt% of Cobalt (II) Chloride anhydrous 
(CoCl2, 99.7 %, Alfa Aesar, USA) dissolved in 100 ml of ethanol (200 proof, Decon Labs, 
USA) and incubated in ultrasonication bath for 30 minutes. After the reaction, the 
samples were gently rinsed by ethanol and dried up in a 110° C vacuum oven. The 
nanotubes fabrication was observed using Hitachi S-4800 scanning electron microscope 
(SEM). The cobalt content was confirmed by energy dispersive X-ray (EDX) and X-ray 
photoelectron spectroscopy (XPS). 
 
3.2.3 Measurement of mimics of biomarkers 
3.2.3.1  Prepare different chemicals as negative controls 
As negative controls, 5 chemical mimics of main volatile biomarkers from 
human breath were chosen to compare with nicotinate and anisate: ethanol (SIGMA-
ALDRICH, USA), methanol (SIGMA-ALDRICH, USA), acetone (ACS grade, VWR, 
USA), benzene (VWR, USA), and phenol (ACS grade, J. T. Baker, USA).
67, 68
 All 
undiluted chemical solutions were placed as 10 ml in 50 ml containers that were 
connected with nitrogen gas tank and a sensing chamber.  
 
3.2.3.2  Prepare mimics of volatile biomarkers for CV scan 
To test the binding affinity between cobalt and volatile biomarkers, the cyclic 
voltametric scan was performed using biomarker solution and cobalt chloride solution. 
Two chemical mimics of biomarkers were prepared: 2.5 mM of methyl nicotinate 
(nicotinate, C7H7NO2, 99 %, CAS: 93-60-7, Alfa Aesar, USA) and 2.5 mM of p-anisic 




Japan) in DI water. The reason for the low concentration of anisate was its poor solubility 
in water at room temperature. The cyclic voltametric scan software was applied from 
potentiostats (Reference 600
TM
, GAMRY, USA). The cycle began from 0 V to - 2.0 V on 
reduction area, and then went up to 1 volt and back to 0 volt with 10 millivolts per second. 
 
3.2.3.3  Prepare mimics of volatile biomarkers for potentiostatic scan 
Two chemical mimics of biomarkers were prepared: 100 mM and 10 mM of 
nicotinate and 2.5 mM of anisate in DI water.  
 
3.2.3.4  Design of measurement circuit 
Each biomarker solution was filled up to 200 ml in 250 ml side armed flasks, 
and capped with one-hole air tight rubber stopper. Pure nitrogen gas flowed through all 
measurements with 150 mass of standard cubic centimeter per minute (SCCM) (Figure 3-
3). A plastic rod was placed at the bottom of the flask to generate extra bubbles for higher 
diffusivity of biomarker molecules. After each test, tygon tubing was washed with water 
to remove any possibility of chemical contamination. A hand-made volatile biomarkers 
detection chamber was designed using 50 ml centrifuge tube (VWR, USA) and located in 
a Faraday cage (16 inches × 16 inches × 30 inches covered with metal mesh). Nanotubes 
sensor sample was cooled down to room temperature before the test. Nanotube (front side) 
and titanium metal (back side, polished) were connected with potentiostats. Potentioststic 
scan program was used to measure current change when different biomarkers were 












Figure 3-3. Concept of gas detection circuit system. All tubing is sealed to prevent air 
contamination from ambient air and three-way valves the control the gas flow. Pure 
nitrogen gas flowed 150 SCCM through Tygon tubing to the detection chamber (right 
upper side), and then the gas is passed through water and biomarker in order (middle). 
The sensor located in the hand-made chamber and contact gases. The chamber is linked 
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3.2.3.5  Design of current measurement gas chamber 
Figure 3-4 shows an overall set-up of the volatile biomarkers detection chamber. 
To obtain more reasonable and elaborate results, a hand-made chamber was designed 
with a small volume (50 cc). The chamber was sealed except one inlet and two nail-size 
outlet holes. The outlet holes are as small as possible to minimize inlet of ambient air 
from outside preventing air contamination. The details of the handmade chamber are 
drawn in Figure 3-5. 
 
3.2.3.6  Current measurement of nicotinate and anisate 
The fixed voltages of potentiostatic scan were -0.5 V for nicotinate and -0.8 V 
for anisate. These potentials were decided by cyclic voltametric scan results. After set up 
of all solution and nanotubes, nitrogen gas flowed into the sample chamber until the plot 
of the potentiostatic scan was flattened. Then the gas was passed with water bubbling. At 
last, only pure nitrogen gas flowed again. After drying the Co-TiO2-NTs samples for a 
while, these steps were repeated using biomarker solutions and the results were compared. 
All data plots were obtained every 0.1 seconds and re-plotted. Each run was continued 
until the peak was on the plateau phase. 
 
3.2.3.7  Main volatile organic compounds 
Five main volatile organic compounds were tested to compare with nicotinate 
and anisate: ethanol, methanol, acetone, benzene, and isopropanol using Co-TiO2-NTs. 
The water bubbling step was omitted because these organic solutions cannot be dissolved 
















Figure 3-4. The setup of volatile biomarker detection chamber in a Faraday cage covered 
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Measurements were performed under two voltages (-0.5 volts and -0.8 volts) and then 
organized after the biggest and smallest data were removed. 
 
3.2.3.8  Negative controls applied different voltage for anisate (-0.2 volts) 
Inappropriate potential was applied to test whether the voltage is a critical factor 
in the relationship between Co-TiO2-NTs and biomarkers in a potentiostatic scan. The 
potential of -0.2 volts which has not been considered for potentiostatic scan of anisate 
was tested. Water and 2.5 mM of anisate solution were tested and compared. 
Measurements were performed as in the biomarkers case. 
 
3.2.3.9  Negative controls without cobalt functionalized samples (-0.8 volts) 
Without cobalt loaded TiO2-NTs were tested to know whether cobalt metal is 
necessary to detect biomarkers at appropriate potential (-0.8 volts). Thus, bare TiO2-NTs 
samples were tested with water and 2.5 mM of anisate solution. 
 
3.3  Results and discussion 
3.3.1 Cyclic voltametric scan test 
The purpose of the CV test is to confirm the binding between biomarkers and 
cobalt. Therefore, 2.5 mM of cobalt was scanned first. Then 2.5 mM of biomarkers were 
added for the next scan. The plots of CoCl2 (red) in Figure 3-6 show oxidation peaks and 
reduction peaks clearly, but the plots of CoCl2/biomarkers show that oxidation peaks are 
removed and overall plots become thinner. The changed plot shapes imply that cobalt ion 






Figure 3-6. The results of cyclic voltametric scans of CoCl2 alone and CoCl2/biomarkers 
mixture. Nicotinate (A) (upper) and anisate (B) (lower) are tested and compared. All 













































3.3.2 Preparation of Co-TiO2-NTs 
3.3.2.1  Anodization and crystallization 
Amorphous TiO2-NTs are anodized by electrolyte method in this research. The 
anodized TiO2-NTs samples were annealed under oxygen rich circumstance to generate 
additional hydroxide groups on titanium surfaces like Ti-OH. Also, high temperature 
annealing is an essential step for crystallization of amorphous of titanium nanotubes. The 
phase change of titanium is well studied and the anatase phase is generated at 500° C 
with minimal crystallization of rutile.  
UV-VIS spectrophotometer profiles of the TiO2-NTs samples show the 
difference of absorbance between before and after annealing at 500° C. The absorbance 
was increased to around 380 nm, which is the characteristic of anatase. The absorbance at 
250 nm was decreased about 60 % on oxygen annealed samples and it represents the 
structure of nanotubes crystallized; the plots are expanded to the UV area (Figure 3-7).  
 
3.3.2.2  Cobalt functionalization on nanotubes and EDX analysis 
Cobalt is known as a binding metal with nicotinate. Decoration of cobalt metal 
ion on TiO2-NTs is performed by functionalization method. Under high energy from 
ultrasonic wave, cobalt molecules are exchanged with hydrogen groups on TiO2-NTs. 
Thus, the number of hydroxyl group is one of the factors deciding the amount of cobalt 
functionalization. Figure 3-8 shows an EDX spectrum of cobalt loaded TiO2-NTs sample.  
Table 3-3 is an example of raw data of EDX analysis. Even though the nanotube 
is anodized using pure Ti foil, a small amount of impurities are contained such as C, Si, 















































































Table 3-3. An example of the result of EDX analysis of Co-TiO2-NTs. 
 
Elements Weight% 
C K 0.96 
Si K 1.64 
Cl K 0.16 
Ti L 52.46 
Co L 2.43 










compared with cobalt nitrate because CoCl2 contains higher cobalt molar concentration 
than other cobalt compound mimics. Also, the EDX profile result indicates that ethanol is 
better than acetone for functionalization efficiency (Table 3-4). The average data of EDX 
analysis from samples is 1.88 wt%, 53.98 wt%, and 39.91 wt% for cobalt, titanium and 
oxygen, respectively. 
 
3.3.2.3  XRD analysis of Co-TiO2-NTs 
Similarly, the XPS analysis Co-TiO2-NT shows 5.91 at%, 16.17 at%, and 48.36 
at% for cobalt, titanium, and oxygen, respectively. This atomic percent is comparatively 
increased more than EDX analysis. It might be caused by focusing on the cobalt-rich area 
on the surface of the uneven cobalt metal distribution. The binding energy difference 
between Co2p3/2 (780.6 eV) and Co2p1/2 (796.5 eV) is 15.9 eV, and it represents the 
existence of cobalt (Figure 3-9). 
 
3.3.2.4  Current measurement 
Figure 3-10 shows a conceptual image of binding between cobalt and volatile 
biomarkers that causes current change. The strong covalent binding mechanism of cobalt-
nicotinate is already studied and reported.
66
 In this sensing experiment, however, the 
bonding seems not to be as strong because the current signal is reduced under less 
concentration of biomarker inlet. It is thought that cobalt and nicotinate make weak 
polarcovalent bonds because of the difference in their electronegativity, 1.88 for cobalt 
and 3.04 for nitrogen. This weak bond is thought to be easily broken and released out of 


















Table 3-4. Triplicated and averaged wt% of main components in Co-TiO2-NTs. 
 
  
CoCl2 Co(NO3)2 Bare TiO2-NTs 
EtOH 
Ti 53.98 53.83 56.10 
Co 1.88 0.39 0.00 
O 39.91 43.09 37.11 
Acetone 
Ti 53.66 52.09 
 
Co 1.50 1.37 
 















Figure 3-9. XPS result of cobalt functionalized TiO2-NT. Difference binding energy of 


























792 784 776 



















Figure 3-10. A conceptual image of TiO2-NTs characteristics and binding of cobalt and 
nicotinate molecule. Cobalt and nitrogen on nicotinate make a polar covalent bond 
because the electronegativity of cobalt is 1.88 and nitrogen is 3.04 (1.16 difference of 





reduced after quitting the gas flow. Therefore, it is reasonable that the current of 
nicotinate is reduced when the VOCs concentration is less, and it also implies a TB 
sensor is reusable. Although the characteristic and mechanism of cobalt-anisate reaction 
is still being studied by me, the Co-TiO2-NTs sensor detects anisate similarly to 
nicotinate detection. 
 
3.3.3 Preparation of volatile biomarkers 
3.3.3.1  Requirements of biomarker preparation 
There are several necessary factors for efficient biomarker detection experiments 
using chemical mimics of human exhaled breath. First, nonreactive pure nitrogen gas is 
required to remove unexpected signals from contamination from other gases and 
chemicals contained in normal air. Second, water is better than PBS in this experiment. 
Biomarkers are dissolved in water and diffused and bubbles help to increase diffusivity. 
PBS, even though it is really similar to human body fluid, contains some chemicals which 
may react to the Co-TiO2-NTs. Therefore, water is needed to remove the possibility of 
contamination. Third, a powdered form of biomarker chemicals should be dissolved in 
water because this sensing system will analyze the human breath as a sample moisturized 
from the lung. It is known that water and titanium have some binding affinity. The 
current change from water is considered as a threshold to calculate extra current signals 
caused by biomarkers. Last, bubbling is an essential factor to increase the diffusivity of 
dissolved biomarkers because the vapor pressures of biomarkers are smaller than water: 
3.9 × 10
-3
 atm (400 Pa) for nicotinate, 2.1 × 10
-5
 atm (2.1 Pa) for anisate, 2.302 × 10
-2
 atm 



















Table 3-5. Vapor pressures of compounds at 20º C. 
 
Compounds Vapor pressure at 20º C 
Nicotinate 3.9 × 10
-3
 atm (400 Pa) 
Anisate 2.1 × 10
-5
 atm (2.1 Pa) 
Water 2.302 × 10
-2






3.3.3.2  Biomarkers concentration determination 
As Syhre and Chambers reported, about 10-100 times larger concentration of 
nicotinate is released from M. tuberculosis than anisate.
33
 Therefore, 100 mM of 
nicotinate and 2.5 mM of anisate solutions were prepared in the following range because: 
1) 2.5 mM is the maximum solubility of anisate in water; 643 mg/l at 20° C; and 2) 40 
times (2.5/100 mM) is reasonably included in the range of 10-100 times release ratio of 
nicotinate and anisate from pathogen. Interestingly, 2.5 mM of anisate solution (2.1 Pa) 
has a stronger smell than 100 mM of nicotinate solution (400 Pa) as judged by coworkers 
in my group. 
 
3.3.3.3  Affinity of water molecule with TiO2-NTs 
Titanium nanotubes are known as having strong binding affinity with water 
molecules.
69
 Thus, the nanotubes need to distinguish the current changes by water and 
biomarkers. So, three phases of measurements were read: nitrogen gas phase (N2), moist 
nitrogen gas phase (H2O), and moist biomarker containing nitrogen gas phase (nicotinate 
or anisate). 
 
3.3.4 Results analysis 
3.3.4.1  Equation to calculate the relative difference 
The potentiostatic scan plot in this experiment consists of a nitrogen gas only 
region (N2), vapor of biomarker or water region, and nitrogen gas only region, again (N2). 
The signal from the N2 region indicates the basic conditions of TiO2-NTs sample such as 




converted to a relative value depending on the baseline. Thus, the current between 








In this test, negative voltage is applied because of the results from the cyclic 
voltametric scan. Therefore, the measured current should be negative. Sometimes, 
however, the potential is really close to zero and expanded to the positive area for a little 
while. Because current is inverse proportion to resistance from ohm’s law, V = IR, it 
implies resistance is extremely high at that moment. The opposite sign of baseline makes 
negative value of the calculated relative difference. Thus, the whole equation is converted 
to the absolute value to prevent change of the sign and this does not affect the amount of 
relative difference. 
 
3.3.4.2  Calculate the relative difference: water 
It is known that TiO2-NTs have sensitivity to water molecules. Therefore, the 
relative difference for water is another guideline or baseline for volatile biomarkers’ 
relative differences. In Figure 3-11, averaged relative difference of water is -1.16E-08 
and this value will be compared with volatile biomarkers. The relative difference 










































Therefore the final relative difference is 163, and it means that the Co-TiO2-NTs sample 
has 163 times larger sensitivity for water than nitrogen gas. 
 
3.3.4.3  Calculate the relative difference: bare TiO2-NTs 
At first, bare TiO2-NTs are tested to know whether the cobalt ion is necessary to 
detect biomarkers at -0.8 V. The strongest signals are -68.9 uA for anisate -53.9 uA for 
water vapor and 65 fA for the baseline (Figure 3-12, A). Therefore, the relative 
differences are 8.09E+05 for water vapor and 1.06E+06 for anisate. These two values 
from bare TiO2-NTs are really close with 1.3 times difference and this ratio supports that 
copper is necessary to detect anisate (Figure 3-12, B).  
 
3.3.4.4  Calculate the relative difference: inappropriate potential 
In the same vein, Co-TiO2-NTs are tested to know whether potential is a critical 
factor in detecting biomarkers. The potential to detect anisate is determined as -0.8 volts, 
so inappropriate voltage (-0.2 V) is chosen and applied in this test. The strongest signals 
are -808.9 pA for water vapor, -693.7 pA for anisate and 74.5 pA for the baseline (Figure 
3-13, A). Therefore the relative differences are 11.9 for water vapor and 10.4 for anisate.  
These two values from bare TiO2-NTs are really close with 1.15 times difference 
and this ratio supports that voltage is a critical point to detect anisate (Figure 3-13, B). 
 
3.3.4.5 Calculate the relative difference: five main chemicals of breath 
Next, mimics of 5 major VOCs contained from healthy human breath are 









Figure 3-12. The plot of potentiostatic scan to compare water vapor and anisate vapor 
using bare TiO2-NTs sample under -0.8 V. (A) The raw plot of potentiostatic scan and (B) 























































Figure 3-13. The plot of potentiostatic scan to compare water vapor and anisate vapor 
using Co-TiO2-NTs sample under -0.2 V, which is inappropriate voltage. (A) The raw 


















































3-14, left five bars). Reliable data among 6 trials (3 results from-0.5 volts and 3 results 
from -0.8 volts) are selected and their relative differences calculated and error bars as 
shown. The relative differences of VOCs are 4.81E-02, 1.31E+00, 5.51E-01, 3.32E-02, 
6.52E+00 for acetone, methanol, ethanol, phenol, and benzene, respectively. Even though 
benzene shows a little higher than others, these five chemicals seems no significant 
binding affinity to cobalt. In other words, the 5 major chemicals from normal people 
could not be detected by Co-TiO2-NTs. 
 
3.3.4.6  Calculate the relative difference: nicotinate and anisate 
The plots of volatile biomarkers show large relative difference values which are 
9.19E+02, 3.03E+05, and 7.61E+06 for 10 mM and 100 mM for nicotinate and 2.5 mM 
of anisate, respectively (Figure 3-14, right three bars). Interestingly, the concentration and 
vapor pressure of anisate is only 2.5 mM and 2.1 Pa which is smaller than nicotinate at 
100 mM and 400 Pa. But the relative difference of anisate is larger than the nicotinate 
sample. Some possibilities could be that 1) the difference of molecular structure in the 




Tuberculosis is not a dangerous disease if it is found at an early stage. In other 
words, its lethality is dramatically increased if there is no cure and process until later 
stages. Early diagnosis of TB is such an important issue because it prevents unnecessary 










Figure 3-14. The relative differences of 5 major volatile organic compounds that mimic 
chemicals (left five bars); 10 mM and 100 mM of nicotinate and 2.5 mM of anisate 
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been developed, but most of them need days to weeks preparation time or expensive 
machines and labor. For these reasons, a new diagnosis tool for TB that is cheaper, faster, 
and easier is required. In this study, a new detection method of specific volatile 
biomarkers of Tuberculosis has been suggested to develop faster detection with lower 
cost POC; my research used cobalt loaded TiO2-NTs and potentiostatic scan to detect TB. 
First, cobalt metal has been functionalized on the TiO2-NTs surface (Co-TiO2-
NTs). The amount of cobalt was confirmed around 2 wt% by EDX analysis. Cobalt 
chloride dissolved in ethanol showed better cobalt loading amounts compared to that 
dissolved in acetone. 
Second, two types of control sets have been tested: 1) no cobalt functionalized 
TiO2-NTs with appropriate voltage (-0.8 V for anisate) and 2) inappropriate voltage 
applied to Co-TiO2-NTs (-0.2 V for anisate). The necessity of cobalt metal 
functionalization was confirmed from the first test and the requirement of the critical 
voltage was checked in the second test. 
Third, tests were simulated using chemical mimics with nitrogen gas instead of 
real TB patients’ breath in this research. The largest sensing power is 0.3 million for 
nicotinate and 7.6 million for anisate, respectively, compared with nitrogen gas as a 
baseline. These enormous current changes seem enough to detect the target VOCs signal 
from exhaled breath of TB patients. The sensitivity for water is about 160, so that the 
sensitivity of anisate and nicotinate is greater than water. 
This newly tried quick noninvasive point-of-care VOCs sensor research is 
valuable work because it will make possible quick TB detection and cure patients in the 




accurate, sensitive, and elaborate detection results in further studies: response time, 











GLUTHATIONE MEASUREMENT USING TITANIUM DIOXIDE  
 






4.1  Introduction 
Living organisms sustain their lives through metabolism. Metabolism is the 
general name of chemical transformations within cells. Various byproducts, such as H2O2 
or reactive oxygen species (ROS), are generated as a result of metabolism. These 
byproducts are usually strong electron acceptor and have their own function at normal 
status. The overproduced ROS, however, are removed in order to maintain stable 
homeostasis of host cells. When the homeostasis is broken by overproduced ROS, it 
results in oxidation damage to deoxyribonucleic acids (DNA), ribonucleic acids (RNA), 
phospholipids, enzymes, and proteins causing malfunction of the cell cycle and these lead 
to cell necrosis.
70, 71
 The incidence of high concentration of ROS in cells is called 
oxidative stress. There are several endogenous and exogenous factors which cause 
oxidative stress. Cigarette smoke, as an exogenous factor, contains a huge amount of free 
radicals and breaks down antioxidants such as vitamin C and E.
73, 73
 Other examples of 
oxidative stress initiation are UV,
74-76
 lack of methionine,
77













 and high altitude (hypoxia).
87
 
Endogenous factors, for example, are mitochondria, endoplasmic reticulum, 
NADPH oxidase (NOX) complex, and peroxisome system, and they produce ROS during 
the reduction of oxygen.
88-90
 The oxidative stress in the human body is an important cue 
of acute diseases such as brain stroke, hyperoxia, and hypertension and chronic diseases 
such as diabetes and cancer. 
Excess ROS is removed by antioxidant molecules such as superoxide dismutase 
(SOD),
91




 vitamin E (tocopherols and 
tocotrienols),
96-98
 vitamin C (ascorbic acid),
99-101
 and catalase. The antioxidants are 
grouped in two categories that contain a thiol group (GSH and thioredoxin) as electron 
donor and a nonthiol group (vitamins and polyphenols) as a radical chain blocker.
102
 
Among them, GSH (γ-glutamyl-L-cysteinyl-glycine) is one of the most significant 
molecules to keep intracellular homeostasis at a redox state.
102
 GSH is a tripeptide protein 
that is composed of three kinds of amino acids: glutamate, glycine, and cysteine (as 
shown in Figure 4-1).
103
 GSH is ubiquitous in microorganisms, plants, and animals.
104
 As 
a strong antioxidant, the reduced form of GSH has the ability to donate electrons to ROS 
and free radicals to remove their toxicity of oxidation capability. Two oxidized GSH 
molecules become one GSSG (glutathione disulfide) linked with a thiol group (–SH) 
located on cysteine residue of GSH. Thus, the amount of sulfide in the human body is a 
limiting element of the synthesis of GSH. The concentration of GSH in healthy people is 
reported to be 0.684-2.52 mM in blood,
105
 1-10 mM in whole body, and ~10 mM in 
liver.
104












Figure 4-1. GSH and GSSG chemical formula structures. Reduced form GSH (left) has 
one thiol group at cysteine residue and carboxyl groups at each ends. One GSSG (right) is 
composed of two oxidized GSHs linked with disulfide bond. The γ-glutamyl residue in 



































so the ratio of GSH/GSSG can indicate the level of oxidative stress.
104
 Therefore, 
homeostatic GHS level is an important guideline of detoxification and protection against 
oxidative stress.  
Copper (II) is widely used for the cell physiologic process and cell homeostasis
71, 
106-108
 and its binding mechanism and affinity with GSH has been reported.
109, 110
 It is also 
found that the binding of copper and GSH makes two tetragonal structures in the 
appropriate pH solution.
71
 Therefore, the copper-glutathione coupling mechanism is 
regarded as a promising candidate for GSH selective detection platform. 
Since the oxidative stress is considered as a potential factor causing many 
diseases from acute to chronic ones, the measurement of the ratio of GSH/GSSG levels in 
the body are an indicator of oxidative stress and a real-time diagnosis and point-of-care 
detection tool. In other words, higher GSSG concentration means that higher amounts of 
ROS are removed. Therefore, the relative concentration of GSH and GSSG and the ratio 
of GSH/GSSG in the body can indicate the risk of oxidative stress. Workers in critical 
and limited circumstance such as airplane pilots, astronauts, submarine crews, and 
soldiers especially need to monitor their vital signs for safety. Therefore, the research and 
development of GSH detectable specific biosensing platform using safe material as a 
point-of-care type kit is a detection method in high demand. 
Titanium dioxide nanotubes (TiO2-NTs) have high surface area as a structural 
property and therefore are considered a good material for a sensing platform because 1) 
the extremely enlarged surface area of nanotubes increases the signal changes and 2) 
titanium is usually applied as a biomaterial with a lack of allergenicity.
111




combined these beneficial characteristics; copper ions are functionalized on the TiO2-NTs 
(Cu-TiO2-NTs) to selectively detect glutathione molecules. 
In the present study I established a hypothesis that copper functionalized TiO2-
NTs can selectively bind with glutathione molecules and I examined the binding affinity 
using cyclic voltametry (CV) test with a potential window of -300 mV to 300 mV for 
copper. So far this kind of experiment has not been tried, it is not in the literature, and in 
that respect my study is worthy of development. 
 
4.2  Materials and methods 
4.2.1 Preparation of TiO2-NTs and copper functionalization 
A 10 mm × 10 mm size of titanium foil was cut, polished, and rinsed in 
isopropanol in ultrasonic bath for 5 minutes. Electrolyte for anodization was prepared 
with 0.5 w/v% of ammonium fluoride (NH4F, Alfa Aesar, USA) dissolved in 3 % DI 
water in ethylene glycol (EG, C2H6O2, Alfa Aesar, USA). Platinum coil served as a 
cathode and titanium foil served as an anode side in an EG solution applying 30 volts of 
direct current (DC) for 1h. Nanotube fabricated titanium samples were rinsed in 
deionized water for 5 seconds in an ultrasonic bath then dried in a 110° C chamber at 
least 1 day. Samples were annealed under an oxygen rich circumstance to crystalize the 
anatase structure from amorphous TiO2 at 500° C for 2 h.  
For metal functionalization, anatase nanotube samples dipped in three different 
copper salt solutions were prepared using 0.32 g of CuSO4·5H2O in 50 ml of DI water 
and 0.41 g of Cu(NO3)2·5H2O and 0.2 g of CuCl2 in 50 ml of ethanol. All metal salt was 




ultrasonic bath for 30 minutes. Samples were rinsed in DI water with 3 seconds of 
ultrasonication then dried in a 110° C chamber for 1 day. The morphologies of nanotubes 
were observed using scanning electron microscopes (SEM, Hitachi S-4800) with various 
magnifications from 10,000 times to 500,000 times. The amount of functionalized copper 
on TiO2-NTs was analyzed using an energy dispersed X-ray spectroscope (EDX, Oxford 
Ins., UK). 
 
4.2.2 Preparation of GSH and GSSG 
Molecular weight of GSH (CAS: 70-18-8, Sigma Aldrich, USA) and GSSG 
(CAS: 27025-41-8, Sigma Aldrich, USA) are 307.32 g/mol and 612.63 g/mol, 
respectively. These compounds were dissolved as 100 mM in DI water for stock solution 
and diluted as 1 mM for tests. 
 
4.2.3 CV measurements 
CV software was adapted from Reference 600
TM
, GAMRY system. A platinum 
wire served as a counter electrode and an Ag/AgCl electrode served as a reference 
electrode, and a copper decorated TiO2-NTs sample, with a working electrode, was 
connected. Potential windows were from -300 millivolts to 300 millivolts with 10 
millivolts per second of scan rate. Current plots of CV were obtained from pure 30 ml of 
DI water, GSH, and GSSG, in turn. All equipment in the CV tests was rinsed using DI 
water after every reading for stringency. Measured current data were converted to current 
density (A·cm
-2
) for comparison. The minimum values of current density at the moment 




convenience. All multiple data were averaged with error bars. 
 
4.2.4 Preliminary test using real saliva and CV test 
For quick and brief preliminary test for real saliva, a method of saliva sample 
preparation was established:  
1. Do not eat anything 2 h before from sampling to prevent any possibility of 
contamination such as chemicals and spices. 
2. Clean mouth more than 3 times gargling using tap water.  
3. Prepare 50 ml of DI water in disposal cup. 
4. Keep whole (50 ml) water in mouth and sit calmly for 30 seconds. 
5. Spit the fluid back into the cup trying to minimize bubbles in the mouth. 
6. Filter the fluid using 0.2 μm pore size syringe filter. 
7. Measure as soon as possible. 
Prepared saliva sample was measured through CV using the same method. Bare TiO2-
NTs and Cu-TiO2-NTs samples were used and compared for the saliva sample and DI 
only sample. 
 
4.2.5 GSH dose-dependent CV tests 
Four different concentrations (0, 0.1, 1, and 10 mM) of GSH solutions were 
prepared to measure the pattern of current increase by GSH concentration change. Cu-
TiO2-NTs samples were prepared in different batches, so the amount of loaded copper 
was 1.32 wt%, which is less than the 5.4 wt% for previous tests. The potential window 




-200 mV were obtained, averaged, and plotted for comparison. 
 
4.3  Results and discussions 
4.3.1 Functionalization test of copper 
The three different copper salts, CuSO4, Cu(NO3)2, and CuCl2, were used for 
depositing on the TiO2-NTs surface. The shapes of copper on the surface of nanotubes are 
different depending on the kind of copper salt. Through the SEM image (Figure 4-2), the 
structure of copper sulfate shows needle shapes of around 500 micrometers length on 
TiO2-NTs surface with 5.46 wt% of copper content by EDX analysis (Table 4-1). 
Comparatively, the shapes of functionalized copper nitrate are a mass of tiny particles 
distributed on the nanotube surface with 1.56 wt% copper contents. Copper chloride are 
100 nanometers diameter particles spread on the nanotube surface with 0.97 wt% copper 
contents. Because the EDX cannot analyze the whole sample area of 1 cm × 1 cm, the 
most reasonable regions were selected and analyzed. By these results, copper sulfate is 
considered as the best candidate of functionalization material because of its increased 
surface area by needle shape, the highest amount of copper loading, and more even and 
wide distribution of copper on TiO2-NTs surface than others in the SEM image analysis. 
 
4.3.2 CV tests for glutathione chemicals 
The redox potential of GSH/GSSG exists roughly between -350 mV and 40 mV 
range according to a literature search.
112-115
 Not only the oxidation of GSH, but the 
oxidation of copper is an issue for CV tests because their redox potentials affect oxidation 














Figure 4-2. TiO2-NTs samples after functionalization with CuSO4, Cu(NO3)2, CuCl2, and 
CoCl2. Functionalization was performed using solution of 0.24 g, 0.28 g, and 0.2 g of 
CuSO4, Cu(NO3)2, and CuCl2 dissolved in 50 ml of ethanol, respectively, then incubated 
in ultrasonic bath for 30 minutes. SEM images were taken at higher magnification (left) 
































Table 4-1. EDX results of functionalization of each copper salt. 
 




















and CuCl2, respectively. 
In reality, the current density values at -0.3 V are continuously decreased after 
every cycle (Figure 4-3). However, the redox potential is not considered a problem 
because the purpose of this study is to analyze the binding pattern between copper and 
GSH/GSSG molecules. Therefore, measured currents from the first cycle of CV are 
enough for evaluative purposes. Thus, the reduction or oxidation of GSH after the first 
cycle of CV tests need not be considered. After testing several voltage windows, the 
potential range for CV were determined between -0.3 volts and 0.3 volts. The 
reduction/oxidation issue in this study will be improved in a future study. 
Concentration of GSH solution for the experiment was determined as 1 mM 
since the concentration of GSH in blood is between 0.68-2.52 mM.
105
 GSSG solution is 
prepared as 1 mM for a convenient comparison even though it is known to exist as ~10 % 
of GSH concentration at homeostasis.  
 
4.3.2.1  Glutathione binding with bare TiO2-NTs 
In Figure 4-4, current density values at the moment of -300 mV of CV were 
compared. The current densities were -17 μA/cm2 and -31.3 μA/cm2 for GSH and GSSG 
for bare TiO2-NTs. Table 4-2 shows that the ratio of measured current of GSSG/GSH 


























Figure 4-3. The current density at -0.3 V from multiple cycles of CV. The current signal 
is decreased as cycles go by. It is dramatically decreased from the 1
st
 cycle to the 7
th
 cycle 
and stable after the 8
th







































Figure 4-4. CV measurements of GSH and GSSG using CuSO4 functionalized TiO2-NTs. 
Range of cyclic voltametric scan is from -300 mV to 300 mV with 10 mV/s of scan rate. 
All values recorded the minimum current at the moment of -300 millivolts of CV and 
converted to current density. Left three bars are current density from bare TiO2-NTs and 
right bars are Cu-TiO2-NTs. From left to right, DI, 1 mM of GSH, and 1 mM of GSSG 



















































4.3.2.2  Glutathione binding with Cu-TiO2-NTs 
As compared with the results of bare TiO2-NTs, copper loaded TiO2-NTs show 
higher signal than without copper samples. The current densities were -29.1 μA/cm2 and -
100 μA/cm2 for GSH and GSSG for Cu-TiO2-NTs. The GSSG/GSH ratio is 3.43 (-1.00E-
04 / -2.91E-05, 4.2); that is larger than bare TiO2-NTs and it indicates the selectivity of 






It has been known that a carboxyl group at gamma-glutamate residue of GSH is 
the binding site of copper,
109
 thus it is expected that GSSG should show about 2 times 
higher binding affinity than GSH for copper.  
 
4.3.2.3  GSSG signal strength to copper 
Interestingly, the ratio of GSSG current at copper present and absent shows 3.19 
(-1.00E-04 / -3.13E-05, 4.3). The measured current of GSSG between without-copper and 
with-copper shows more than 3 times difference and it implies that copper plays a role in 
increasing current for GSSG. Although the ratio of signals from GSH without and with 
copper is 1.71 (-2.91E-05 / -1.70E-05, 4.4), GSSG shows different current ratio pattern 





































Table 4-4. Comparison of the ratios of measured currents between Cu-TiO2-NTs with 
GSH and bare TiO2-NTs with GSH solution, and Cu-TiO2-NTs with GSSG and bare 
TiO2-NTs with GSSG solution. 
 
Glutathiones Ratio 
GSSGCu / GSSGBare 3.19 















In addition, the molar ratio of glutathione to copper is roughly 100:7 in this 
study since the immobilized copper (~5 wt%) is calculated as ~70 μM and dissolved 
glutathione is 1 mM. Therefore, the substrate (glutathione) is more than enough to 
saturate the binding capacity of copper.  
The increase of the overall current density when copper is deposited on the 
TiO2-NTs surface further supports that copper metal has a binding affinity for glutathione 
molecules. The currents of DI from bare TiO2-NTs and Cu-TiO2-NTs show not a small 
difference, which might be affected by unexpected contamination of experimental 
equipment during several tests (Figure 4-4). But this small error does not affect to other 
big current values. 
 
4.3.3 Preliminary CV test of real saliva 
Because the method of saliva sample preparation has not been well established 
for GSH sensing experiment, a brief method was designed for this preliminary test. Since 
it is commonly known that saliva is secreted at 1.5 liters per day, it could be assumed that 
500 μl of saliva is contained in the prepared sample in this experiment (1500 ml / 24 h / 
60 m = 1.04 ml/m = 0.5 ml per 30 s). Thus, the dilution factor of saliva is expected to be 
























The results finally tell us that the Cu-TiO2-NTs sample shows higher signal than 
bare TiO2-NTs, for real saliva. The measured currents are -1.38E-05 and -3.11E-05 from 
bare TiO2-NTs and Cu-TiO2-NTs, respectively (Figure 4-5). The ratio of Cu-TiO2-NTs 






To quickly estimate the concentration of glutathione in a real saliva sample, the 
measured currents from bare TiO2-NTs for GSH and saliva samples are compared, 
because GHS is expected to have the most portions of glutathione molecules in saliva, not 
GSSG. The currents are -29.1 μA and -13.8 μA for GSH and saliva, respectively (Table 
4-5), and the measured current from saliva is about half that from 1 mM of GSH. Because 
the saliva sample is 100 times diluted, the theoretical concentration could be 0.01 mM 
because of 1 mM of GSH in body fluid. The ionic strength of normal saliva is presumed 
as 0.01-0.05 mM after 100 times dilution.
116
 Therefore, the saliva sample may contain 
less than 0.1 mM of chemicals by these calculations, but the actual current measurement 
shows half current strength of 1 mM GSH. From this result, additional unknown chemical 
reactions seem to have possibly occurred in the real saliva sample and it also needs 
further study. 
 
4.3.4 GSH dose dependent current changing pattern 
Figure 4-6 shows that the pattern of current density changing is affected by the 




















Figure 4-5. CV measurement of real saliva sample (1:100 diluted with DI water). Current 
value was obtained at the moment of -300 mV of the first cycle for each CV scan. Signal 
shows 2.25 times difference between bare and copper loaded TiO2-NTs. Left two bars 
express the measured currents from DI water and right two bars are for 1 / 100 diluted 







Table 4-5. The ratio of measured currents between Cu-TiO2-NTs and bare TiO2-NTs 
using real saliva (1 / 100 diluted in water) sample. 
 
Glutathiones Ratio 













































Figure 4-6. The pattern of current density depending on concentration of GSH. The 
signals were obtained and plotted at the moment of -200 mV from all CV cycles. The 
signal is linearly increased for the X-axis of the logarithmic scale of GSH concentration 




























log of GSH concentration (mM) 
Cu-TiO2-NTs 
y = -1.34E-05x + 1.01E-05 




current density values were obtained at the moment of -200 mV and plotted for 
comparison. The concentration of substrate (X-axis) has a proportionally increased 
current density (Y-axis).  
The plot of the Cu-TiO2-NTs sample from the new batch (1.32 wt% of copper 
loaded) shows -1.34E-05 of slope with 0.967 of R
2
 value. These results support that the 
current signal is proportional to the logarithmic increase of GSH concentration. 
 
4.4  Conclusions 
In this work, we have examined the binding affinity between copper and reduced 
and oxidized glutathione. First, we have observed the different appearance of copper salts 
(CuCl2, CuSO4, and Cu(NO3)2) for metal functionalization on TiO2-NTs using the same 
protocol. Nanostructure of copper sulfate was considered to be beneficial to the sensing 
mechanism in comparison to copper chloride and copper nitrate for three reasons: highest 
amount (5.4 wt%), needle shape for enlarged surface area, and most equal distribution on 
the whole sample area.  
Second, we have presented the sensing response of metal and glutathione 
molecules. Definitely, copper metal shows a higher binding for GSSG and GSH than 
nonmetal loaded TiO2-NTs. The measured current density for GSSG of Cu-TiO2-NTs 
was -100 μA and this current was 3.43 times larger than GSH of Cu-TiO2-NTs and 3.14 
imes larger than GSSG of bare TiO2-NTs. These results supported that copper pulls the  
glutathione selectively.  
As a result, we have confirmed the possibility of the glutathione sensing 




window for CV tests for more stable current detection, exploring better metal candidates 
for sensing, improving the questionable binding strength of immobilization of metals, and 
refining the sample preparation method for the real saliva test. After improving these 
points, the glutathione detectable sensing platform will be established for detecting 

















5.1  Organic/inorganic binding mechanism  
The binding mechanism between functionalized metal on TiO2-NTs and 
biomarkers needs to be studied in order to clearly understand the weak binding process of 
biomarkers in humid air. 
 
5.2  Improvement of sensitivity for breath analyzer sensing platform 
Other metal candidates for functionalization are required in order to study and 
improve the selective detection of specific biomarkers. Nickel, chromium, copper, and 
zinc are considered as the next metal-organic compound binding materials to be studied. 
Also, the functionalization method should be studied to control the amount of metal 
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